The inclusion of insoluble NSP (iNSP) in weaner pig diets has been reported to decrease post-weaning colibacillosis (PWC). Conversely, soluble NSP (sNSP) have been shown to exacerbate PWC. The present study investigated the effect of NSP solubility and inclusion level on the health and performance of newly weaned pigs challenged with enterotoxigenic Escherichia coli (ETEC), using NSP sources known not to affect digesta viscosity, in a 2 £ 2 £ 2 factorial combination of NSP solubility (iNSP v. sNSP), inclusion level (low (L; 50 g/kg) v. high (H; 150 g/kg)) and ETEC challenge (infected v. sham). Infection had no effect on pig health, but reduced performance to a larger extent in pigs on the L diets compared with those on the H diets. The inclusion of sNSP significantly decreased the occurrence of diarrhoea (P,0·001) and improved gut health, as indicated by a lower caecal digesta pH (P¼ 0·008) and increased (P¼ 0·002) Lactobacillus:coliform ratio, when compared with the iNSP diet on day 14 postweaning. There was no effect of NSP solubility on ETEC shedding, digesta viscosity or pig performance. Pigs on the H diets had fewer cases of diarrhoea and shed fewer ETEC than those on the L diets. Increasing NSP inclusion significantly increased colonic Lactobacillus:coliform ratio, volatile fatty acid concentration and caecal digesta viscosity, but decreased performance. These results suggest that sNSP per se are not detrimental to pig health and that increasing the concentration of NSP in weaner diets that do not increase digesta viscosity may have a beneficial effect on gut health and protect against PWC.
There has been growing interest in the inclusion of dietary fibre, particularly NSP, in weaner pig diets because of its potential prebiotic properties, i.e. stimulation of the growth and/or activity of one or a limited number of beneficial bacteria species and the competitive exclusion of pathogens. Given that NSP constitute the major energy source for microbial fermentation 1 and therefore act as a link between the piglet and its enteric microflora, there may be opportunities for manipulating the concentrations and types of dietary NSP offered to young pigs in order to improve gastrointestinal health and modulate the development of enteric disorders, such as post-weaning colibacillosis (PWC).
There is conflicting evidence as to whether NSP exert a beneficial or detrimental influence on pig health. The consumption of NSP from sources such as oats and barley hulls, all of which are rich in insoluble NSP (iNSP), have been linked to a reduction in the colonisation of the intestine by haemolytic Escherichia coli and the severity of PWC 2, 3 . Conversely, diets containing NSP from sources which are rich in soluble NSP (sNSP), including pearl barley and guar gum, have been associated with an increased susceptibility to enteric disorders including PWC 4, 5 , swine dysentery 6 and porcine intestinal spirochaetosis 7 . As sNSP tend to be highly fermentable and viscous in nature 8 , this evidence raises the question of whether fermentability, viscosity or combinations of both are responsible for the observed detrimental effect of sNSP on pig health.
To investigate the potential detrimental effects of increased intestinal viscosity in the absence of NSP solubility effects, McDonald et al. 9 added carboxymethylcellulose, a synthetic viscous, non-fermentable sNSP, to rice-based weaner diets. Results showed that carboxymethylcellulose inclusion exacerbated PWC, suggesting that viscosity may be an important characteristic contributing to the predisposition to PWC, with increasing intestinal viscosity providing a favourable micro-environment for the proliferation of enterotoxigenic E. coli (ETEC). Any reported detrimental effects of feeding sNSP may therefore be due to the associated increase in digesta viscosity and not NSP solubility per se. Others reported no detrimental effects of increased carboxymethylcellulose inclusion, also in the absence of an experimental ETEC challenge 10, 11 . The aim of the present experiment was to investigate the effects of NSP solubility and inclusion level on the gut health, gut development and pig performance of newly weaned pigs artificially challenged with ETEC in the absence of effects on digesta viscosity. It was hypothesised that, in the absence of effects on digesta viscosity, the inclusion of increased concentrations of both sNSP and iNSP would improve gut health and reduce ETEC proliferation. As sNSP tend to be more rapidly fermented than iNSP 1 it was expected that sNSP would act primarily in the proximal gastrointestinal tract (GIT) (for example, ileum and proximal colon), whereas iNSP would act more distally (for example, distal colon).
Materials and methods

Animals and housing
A total of sixty-four pigs (Large White £ Landrace £ White Duroc) of mixed sex, weaned at age 27 (SD 2·6) d and weighing 9·3 (SD 1·45) kg were used in the experiment. At weaning (day 0), pigs were removed from the sow, weighed, moved to a separate building and individually housed in pens (2 £ 1 m). The pens had a 0·2 m deep transparent plastic partitioning along their length to enable visual contact between adjacent pens. Each pen was lightly bedded with sawdust and equipped with a single feeder and nipple drinker. No evidence of sawdust consumption by the pigs was observed during the experiment. Environmental temperature was maintained at 268C for the first 3 d after weaning and then reduced by 28C per week for the remainder of the experiment. Lights were on from 08.00 until 18.00 hours and fresh feed and water was available ad libitum throughout the experiment.
Feeding and experimental design
The experiment consisted of a 2 £ 2 £ 2 factorial combination (eight per treatment) of NSP solubility (iNSP v. sNSP), NSP inclusion level (low (L) v. high (H)) and experimental ETEC challenge (infected (þ) v. sham (2)). The increase in sNSP and iNSP was achieved by increasing inulin (Raftifeedw IPS; Orafti Active food ingredients, Tienen, Belgium) and highly purified cellulose (Solkaflocw; International Fiber Corporation, New York, USA) respectively from 50 g/kg in the L diets to 150 g/kg in the H diets, at the expense of wheat starch. Inclusion levels for the L and H diets were chosen to give total NSP contents of about 100 and 200 g NSP/kg respectively. This compares to a total NSP content of 150 g/kg in a typical weaner diet 12 -14 . All diets contained similar amounts of cereal (i.e. background NSP) and were balanced for crude protein (230 g crude protein/kg), dietary energy (16 MJ dietary energy/kg), amino acid composition and lactose content. Diets were formulated within the nutritional constraints of the experiment from readily available commercial ingredients using a best-cost formulation programme. The composition and chemical analyses of the experimental diets are shown in Table 1 .
Piglets had access to a standard creep (16·0 MJ dietary energy/kg and 235 g crude protein/kg) during the last 14 d of suckling to allow pigs to have experience of solid feed before weaning. Pigs were randomly assigned to the eight experimental treatments taking account of body weight and sex, with littermates equally divided across treatment groups. It was ensured that all uninfected pigs were housed in adjacent pens to minimise the risk of cross-infection from infected pigs. The Animal Experiments Committee of the Scottish Agricultural College approved the protocol used in the present study (ED AE 13/2005) for consistency with UK Home Office regulations.
Experimental infection
Pigs were infected with 10 9 colony-forming units (cfu) of ETEC (E. coli O149) suspended in 10 ml PBS on day 3 post-weaning to induce sub-clinical PWC following Wellock et al.
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. These pathogens were derived from clinical cases of PWC (Veterinary Laboratories Agency, Addlestone, Surrey, UK) and had been characterised as having the required virulence factors to induce PWC (Adhesion factors K91, K88; F4). Pigs were not tested for susceptibility to these adhesion factors, but were from a herd where persistent post-weaning ETEC O149 shedding has been recorded. The infection was administered per os, using a stomach tube with an additional 10 ml PBS for rinsing. Non-infected pigs were given 20 ml of PBS as a sham infection. Pigs eating less than 50 g/d before infection were not infected and removed from the experiment.
Sampling collection and measurements
Food intake and body weight. Pigs were fed at 09.00 hours each day with a known amount of feed and individual feed intake was recorded by weighing refusals the next day at the same time. Body weight was measured on days 0, 3, 6 and 14 post-weaning.
Faecal score and sampling. Individual faecal score (FS) and cleanliness score (CS) were taken each morning throughout the experiment, and every 2 h post-infection for a period of 24 h, using a subjective score on a four-point scale ranging from 1 to 4, where 1 ¼ firm/clean and 4 ¼ watery/heavily contaminated (for further details, see Wellock et al. 16 ). Trained individuals with no prior knowledge of the treatment allocation recorded all scores. Fresh faecal samples were collected directly from the rectum on days 0, 3 (immediately before infection), 4, 5, 6, 9, 12 and 14 weaning to assess ETEC concentrations. This equates to days 2 3, 0, 1, 2, 3, 6, 9 and 11 post-infection.
Post mortem sampling procedures and measurements. Four pigs per treatment were euthanased on days 6 and 14 for measurement of gut health at two time points post-infection. Pigs were euthanased by intracardiac injection of Euthatal (0·7 mg/ml; Merial Animal Health Ltd, Harlow, Essex, UK; 0·7 ml/kg) and exsanguinated. The abdomen was opened from the sternum to the pubis, and the GIT removed. The GIT was divided into five sections (stomach, small intestine, caecum, proximal colon and distal colon). Each section was weighed full and empty to weights of organs and digesta contents. The pH of the digesta was measured by inserting the electrode of a portable pH meter (Testo 230; Testo Ltd, Alton, Hants, UK) into the collected sample after mixing. Digesta samples from the ileum, taken as the last 1 m of the small intestine, and proximal colon were assessed for Lactobacillus: coliform ratio and ETEC concentration. Further digesta samples from the ileum, proximal colon and caecum were immediately frozen in dry ice to inhibit microbial fermentation and stored at 2 808C until analysis for viscosity, solid:liquid ratio and volatile fatty acid (VFA) content.
Microbiology
Infective dose. A bead containing ETEC O149 was taken from storage at 2808C, reconstituted onto a sheep blood agar plate (E & O Laboratories Ltd, Bonnybridge, Stirlingshire, UK) and incubated overnight at 378C. A number of representative colonies were removed from the plate, seeded into nutrient broth (Oxoid Ltd, Basingstoke, Hants, UK) and incubated at 378C for 24 h whilst being shaken at 200 rpm. Bacteria were harvested by centrifugation, twice washed with PBS and re-suspended at a concentration of 1 £ 10 8 cfu/ml. The number of cfu per ml was checked before being used for oral inoculation of the pigs using standard enumeration techniques (see below).
Detection and enumeration of enterotoxigenic Escherichia coli O149, Lactobacillus and coliforms. Each sample (approx 1 g) was serially diluted to 10 -9 in sterile PBS, and 100 ml samples were plated on sheep blood agar (E & O Laboratories Ltd, UK). The number of ETEC colonies was counted after 24 h incubation (378C) under aerobic conditions. Randomly picked colonies were identified and confirmed as the infective strain by slide agglutination with specific antiserum K91 and K88 (Mast Group Ltd, Bootle, Merseyside, UK). Lactobacilli and coliform counts were performed by standard enumeration techniques using De Man-RogosaSharpe and MacConkey agars (E & O Laboratories Ltd) respectively. For further details, see Wellock et al.
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.
Volatile fatty acid analysis
Digesta samples were thawed to 48C and centrifuged at 4200 rpm for 15 min. From the resulting supernatant fraction, 1 ml was mixed with 200 ml of 25 % metaphosphoric acid and incubated at room temperature for 30 min before a second centrifugation at 12 000 rpm for 10 min. Chromatographic analysis was performed as described by Franklin et al.
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, using an Agilent gas chromatograph with a Varian CP7485 capillary column (Agilent Technologies, Inc., Santa Clara, CA, USA). A flame ionisation detector was used with an oven temperature of 1408C, and a detector temperature of 2508C, for determination of acetic, propionic, butyric, iso-butyric, valeric and iso-valeric acids. The branched-chain ratio (BCR) was calculated. This is the ratio of the VFA which are formed during the catabolism of branched-chain amino acids (valeric, iso-butyric and isovaleric acids) to those formed during carbohydrate fermentation (acetic, propionic and butyric) 18 .
Measurement of digesta viscosity and solid:liquid ratio
The rapid viscosity analyser (RVA) mixing viscosity of whole digesta samples from the ileum and caecum was determined at 378C using the protocol of Lee et al.
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. Briefly, after thawing at 48C, 20 g digesta was mixed at 960 rpm for 30 s followed by 160 rpm for 5 min. The RVA mixing viscosity was recorded every 1 s during mixing using two machines (RVA-Super-4 below 200 cP and RVA-4 above 200 cP; Newport Scientific Pty Ltd). Data collected during the last 30 s was averaged. The solid:liquid ratio of whole digesta, indicative of the volume occupied by the solid particles from digesta and the regional liquid content, was determined by calculating the ratio between the weight of the wet pellet and that of the supernatant fraction after centrifugation.
Statistical analysis
The data were analysed as a 2 £ 2 £ 2 factorial analysis of NSP type (sNSP v. iNSP), inclusion level (H v. L) and infection (þv. 2 ). The effects of the main factors, along with any interactions, were determined by restricted maximum likelihood methodology. Weaning weight was used as a covariate in all analyses. The individual pig was used as the experimental unit and litter as a random factor. The effect of slaughter day (time) on all v. recorded at slaughter was analysed by ANOVA with litter as a random factor. All statistical analyses were performed by Genstat 5 for Windows (release 4.2, service pack 2, 2001; Lawes Agricultural Trust, Rothamsted, UK). Individual ETEC shedding was averaged over two time periods (days 4-6 and 4-14) and individual FS and CS were averaged over three time periods (days 3-6, 7-14 and 3-14) before analysis. Data from pigs euthanased on day 6 were not used in the analysis of ETEC over the 4 to 14 d period or for FS and CS over the 3 to 14 d period. Viscosity data, ETEC, Lactobacillus and coliform counts were log 10 transformed before analysis and calculation of the Lactobacillus:coliform ratio.
Results
Faecal and cleanliness scores
None of the pigs suffered from clinical PWC or had to be removed from the experiment due to illness. However, one pig in treatment group Li þ (L, iNSP, infection) was not infected due to persistent poor feed intake (, 50 g/d), and was removed from the experiment. Table 2 shows the mean FS and CS for the eight treatments. There were no significant effects of infection on FS or CS.
There was a significant effect of NSP solubility on FS and CS over the second week of the trial (days [7] [8] [9] [10] [11] [12] [13] [14] and over the whole post-infection period (FS days 3-14; iNSP 1.90 v. sNSP 1.49; P, 0·001). A significant NSP solubility £ infection interaction existed for FS over the post-infection period (days [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , with infected pigs on the iNSP diets showing a much larger increase in FS than infected pigs on the sNSP diets when compared with their non-infected counterparts. Pigs fed the H diets tended to have lower FS than those on the L diets, although this was only significant in the 24 h period immediately post-infection (day 3), with an FS of 1·47 (SE 0·094) v. 1·74 (SE 0·312) for the H and L diets respectively (P¼0·049). There were no significant effects of NSP inclusion level on CS.
Enterotoxigenic Escherichia coli excretion
Neither the infection strain nor any other ETEC strain was detected in any of the pigs before the infectious challenge. However, ETEC colonies not belonging to the infective strain (K91 negative) were recovered from sixteen pigs, including eight non-infected pigs (two from each of the experimental treatment groups) on day 4 (n 9) or 5 (n 7) post-weaning for an average of 4 d. This is thought to have been due to the proliferation of undetected ETEC already present in the GIT rather than contamination, as all pigs belonged to two of the eight litters used.
There was a significant effect of experimental infection on the number of ETEC excreted post-infection, with experimentally challenged pigs excreting more ETEC than their nonchallenged counterparts (days 4 to 14; sham 1·73 v. infected 4·07 log 10 cfu/g; P, 0·001). All experimentally infected pigs excreted detectable numbers of ETEC immediately post-infection, shedding a mean of 7·3 (SE 0·30) log 10 cfu ETEC/g on day 4 (day 1 post-infection). This decreased to 1·3 (SE 0·92) log 10 cfu/g by day 14 (day 11 post-infection), with only 25 % of infected pigs still shedding detectable numbers of ETEC. NSP solubility did not affect ETEC shedding, with challenged pigs offered the iNSP and sNSP diets shedding an average of 4·4 (SE 1·0) and 3·8 (SE 0·86) log 10 cfu/g respectively over the post-infection period (P¼0·587) (see Fig. 1 (a) ). There was no effect of NSP inclusion level on number of ETEC shed post-infection ( Fig. 1 (b) ), although challenged pigs on the H diets tended to shed less ETEC than those on the L diets over the immediate post-infection period (days 4-6; H 5·3 v. L 6·2 log 10 cfu/g; P¼0·081). There was no effect of NSP solubility or inclusion level on the number of ETEC recovered from the ileum and proximal colon on day 6 or 14. Tables 3 and 4 show the digesta viscosity, solid:liquid ratio, pH and Lactobacillus and coliform numbers on days 6 and 14 respectively. There was no effect of infection on digesta viscosity or solid:liquid ratio on day 6 or 14. There was a significant effect of NSP solubility on caecal solid:liquid ratio on days 6 and 14, with pigs on the sNSP diets having an increased ratio compared with those on the iNSP diets. NSP solubility had no effect on ileum or caecum digesta viscosity on either day 6 or 14. For example, on day 14 pigs on the iNSP and sNSP diets had mean ileal digesta viscosity of 1·6 (SE 0·24) v. 1·5 (SE 0·28) log cP (P¼0·732) respectively. Caecal digesta viscosity and solid:liquid ratio tended (P, 0·10) to be higher in pigs on the H diets than those on the L diets, although it was only significant for caecal solid:liquid ratio on day 6 (H 1·78 v. L 0·62; P¼0·022) and viscosity on day 14 (H 2·7 v. L 2.1 log cP; P, 0·001). There was no effect of inclusion level on ileum digesta viscosity or solid:liquid ratio.
Digesta viscosity and solid:liquid ratio, pH and Lactobacillus:coliform ratio
There was no significant effect of infection on digesta pH on either day 6 or 14. Pigs fed sNSP had a lower caecal pH on day 14 than those fed iNSP (sNSP 5.3 v. iNSP 5.5; P¼0·008). There were no other significant effects of NSP solubility on digesta pH on either day 6 or 14. There was no significant effect of NSP inclusion level on digesta pH on day 6. On day 14, pigs offered the H diet had a significantly higher pH of ileum digesta than those offered the L diet (H 6·8 v. L 6·7; P¼0·008).
The Lactobacillus:coliform ratio of the ileum (P¼0·168) and proximal colon (P¼0·057) digesta increased with time, with overall mean values of 1·29 (SE 0·052) and 1·34 (SE 0·060) on day 6 increasing to 1·39 (SE 0·051) and 1·46 (SE 0·039) respectively on day 14. This was due to a significant decrease in coliform numbers in both the ileum (day 6 ¼ 6·71 v. day 14 ¼ 6·11; P¼0·049) and proximal colon (day 6 ¼ 7·04 v. day 14 ¼ 6·28; P¼ 0·008). There was no significant effect of infection on the Lactobacillus:
coliform ratio of the ileum and proximal colon digesta on either day 6 or 14. Pigs fed sNSP diets had an increased Lactobacillus:coliform ratio in the proximal colon digesta compared with those fed iNSP diets on both days 6 (sNSP 1.45 v. iNSP 1.21; P¼0·008) and 14 (sNSP 1.57 v. Ileum  0·21  0·61  0·46  0·43  0·42  0·75  0·47  0·59  0·463  Caecum  3·40  0·77  0·43  0·47  1·22  0·89  0·54  0·56  0·878  I 
*, S*, S £ I* S, solubility (i v. s); I, inclusion level (H v. L); E, experimental infection (infected v. non-infected).
*P, 0·05, **P, 0·01, ***P, 0·001. † Standard error of the difference for the S £ I £ E interaction. Ileum  0·67  1·49  1·02  0·62  0·45  0·94  0·55  0·71  0·457  Caecum  2·84  1·75  3·08  0·58  6·00  1·47  1·55  0·74 1·804 S* iNSP 1·37; P¼0·002), mainly due to a significant decrease in coliform numbers. Pigs fed the H diet had numerically higher Lactobacillus:coliform ratios than those fed the L diet, although this was only significant in the proximal colon on day 6 (L 1·23 v. H 1·44; P¼0·007). There was a significant NSP solubility £ NSP level interaction on day 6 for the Lactobacillus:coliform ratio in proximal colon digesta, due to a larger decrease in the number of coliforms in the digesta of pigs fed sNSP compared with iNSP as inclusion level increased.
Volatile fatty acid molar proportions
The effect of infection, NSP solubility and inclusion level on digesta VFA molar proportions are shown in Table 5 .
Values for proximal colon digesta on day 6 are not shown because of the large number of missing vales due to insufficient supernatant fraction allowing VFA measurement. On day 6, pigs offered the sNSP diets had a significantly (P,0·01) higher proportion of acetic, butyric and valeric acid in caecum digesta than those offered iNSP-containing diets. On day 14 VFA molar proportions were significantly higher for the sNSP-fed pigs for acetic, propionic, butyric and valeric acids in caecum (P,0·001) and acetic, butyric, valeric and iso-butyric acids in the proximal colon (P, 0·05) digesta compared with those fed iNSP diets. On day 14, pigs on the sNSP diets had a higher BCR in the caecum (sNSP 0.07 v. iNSP 0.04; P¼0·020) and proximal colon (sNSP 0.15 v. iNSP 0.05; P¼0·024) than those on the iNSP diets. Pigs fed the H diets tended to have increased VFA molar proportions, although this was only significant for valeric acid in the caecum digesta and butyric, valeric and iso-butyric acids in the proximal colon digesta on day 14. Pigs on the H diets had a higher BCR in caecum digesta on day 14 compared with those on the L diets (H 0·07 v. L 0·04; P¼0·007). There was a significant NSP solubility £ NSP inclusion interaction on the BCR in caecum digesta on day 14, with increasing NSP concentration leading to a larger increase in BCR in pigs fed sNSP diets compared with those on iNSP diets.
Gut development
The empty organ weights from days 6 and 14 are shown in Table 6 . Infection had a significant effect on colon weight on day 6, with infected pigs having heavier colons, both in absolute terms and as a percentage GIT (%GIT) than non-infected pigs (sham 20·1 v. infected 22·2 %GIT; P¼0·038). The difference remained on day 14 but was no longer significant. There was a significant effect of NSP solubility on caecum weight, with pigs fed the sNSP diet having heavier caecums than those on the iNSP diets on both days 6 (sNSP 24 v. iNSP 21 g; P¼0·010) and 14 (sNSP 42 v. iNSP 32 g; P, 0·001). Pigs on the H diets tended to have heavier empty organ weights than those on the L diets, with significantly heavier caecums and colons on day 6. When calculated as %GIT, 6·4  1·9  2·4  1·5  1·5  6·4  1·9  1·2  1·19 S***, I***, S £ I*** Iso-butyric acid  0·4  0·4  0·1  0·6  0·2  0·2  0·4  0·3  0·45  S £ E*  Iso-valeric acid  1·9  1·5  0·3  2·5  2·3  3·2  0·9  2·8  1·388  BCR  0·10  0·04  0·03  0·05  0·04  0·11  0·03  0·05  0·023 S*, I***, S £ I*** S, solubility (i v. s); BCR, branched-chain ratio (valeric, iso-butyric and iso-valeric acids:acetic, propionic and butyric acids ratio); I, inclusion level (H v. L); E, experimental infection (infected v. non-infected). *P,0·05, **P,0·01, ***P,0·001.
† Standard error of the difference for the S £ I £ E interaction.
pigs on the H diet had heavier caecums (H 3·4 v. L 2·9 %; P¼0·029) and colons (H 22·4 v. L 19·9 %; P¼0·041) and lighter small intestines (H 64·3 v. L 67·6 %; P¼0·013) than pigs on the L diet. These differences remained on day 14 but were only significant for the colon. There were no significant NSP solubility £ NSP inclusion level interactions on gut development.
Pig performance
There was no significant effect of infection on average daily gain (ADG), average daily feed intake (ADFI) or feed conversion ratio over the experimental period (Table 7) . There was, however, a significant infection £ inclusion level interaction on ADG and ADFI immediately post-infection (days 3-6), with infection having a negative effect on ADG and ADFI of pigs fed the L diets but no effect on those offered the H diets. NSP solubility did not affect ADG, ADFI or feed conversion ratio. There was an effect of NSP inclusion level on ADG over the 14 d trial period, with pigs on the H diets gaining less than those on the L diets; 315 (SE 19·8) and 373 (SE 31·5) g/d, respectively (P¼0·050). There was no effect of NSP inclusion level on ADFI or feed conversion ratio. There was a significant NSP solubility £ inclusion level interaction on ADG and ADFI over the 3-6 d period due to the particularly poor intake and growth of two pigs in the Hi 2 treatment group (H, iNSP, sham).
There was an effect of infection (P¼0·004) on empty body weight percentage (EBW%) on day 6, with infected pigs having a lower EBW% than their non-infected counterparts (Table 7) . There was no effect of NSP solubility on EBW% on either day 6 or 14. Pigs on L diets had a higher EBW% on day 14 than pigs on H diets (L 87·2 (SE 0·42) v. H 85·9 (SE 0·43) %, respectively; P¼0·014). There was no NSP solubility £ NSP inclusion interaction on EBW%. 
*P, 0·05, **P, 0·01, ***P, 0·001. † Standard error of the difference for the S £ I £ E interaction. 
Discussion
Experimental infection
An experimental ETEC challenge was imposed upon half the animals to evaluate the effect of NSP nutrition in a health-challenging environment representative of typical commercial conditions. Infection had little effect on pig health and performance, although there was a significant infection £ NSP inclusion level interaction on performance in the immediate post-infection period (days 3-6), with infection reducing performance to a larger extent in pigs on the L diets compared with those on the H diets, perhaps due to the protective effect of elevated dietary NSP levels 14, 20 . Although colonies of the ETEC strain to which they were exposed were recovered from the faeces of all inoculated pigs post-infection, only twenty of the thirty-two challenged pigs were still shedding detectable numbers on day 6 (day 3 post-infection). The reason for this apparent lack of persistent ETEC shedding is unclear, although it cannot be excluded that inclusion of inulin and purified cellulose successfully reduced ETEC colonisation. In a previous experiment using the same ETEC strain, level of dose, pig source and infection day, ETEC were recovered from twenty-nine of the thirty-two infected 4-week weaned pigs on day 3 post-infection and there was a significant reduction in ADFI immediately post-infection (days 3-6) in challenged pigs 15 . Subjecting the pigs to further doses of ETEC 5, 21 , may have had resulted in more successful establishment of sub-clinical PWC with a greater impact on the health and performance of the animals.
Non-starch polysaccharide solubility
Highly fermentable sources of sNSP are thought to undergo virtually complete fermentation in the large intestine unlike iNSP which tend to be less fermentable 22 . If the detrimental effect of sNSP feeding can be attributed to an increase in digesta viscosity, then sNSP sources that do not lead to increased digesta viscosity may be more suitable for weaner diets than iNSP sources due to their greater fermentability. The increased fermentability of sNSP may accelerate physiological and structural development of the GIT 23 , particularly the proximal large intestine, without compromising pig growth and potentially reduce the incidence and severity of PWC.
The inclusion of inulin, a blend of fructose units connected by bb (2 -1) links 24 , in the diet did not lead to increased digesta viscosity with no significant difference found in either ileal and caecal digesta viscosity of pigs fed sNSP or iNSP diets. These results support the view of Schneeman 25 who suggests that there is no effect of inulin on the digesta viscosity. A mean ileal digesta viscosity of 1·60 and 1·52 log cP for pigs fed the iNSP and sNSP diets respectively was obtained on day 14, which is comparable with low-viscosity diets used elsewhere 9, 21 . Pigs offered the sNSP diets had significantly lower FS and CS than pigs fed the iNSP diets in agreement with the results of Wellock et al.
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There was no effect of NSP solubility on faecal ETEC excretion, with infected pigs on both sNSP and iNSP diets shedding similar numbers of ETEC post-infection. This observation contradicts earlier studies suggesting that sNSP facilitate the proliferation of ETEC in the small intestine 3, 4 , but supports the view that the observed ETEC proliferation resulted from an increase in digesta viscosity and not sNSP per se.
Differences in dietary carbohydrate composition have been shown to change the gut environment and the composition and density of the gut microflora at different sites along the GIT 1, 12, 13 . Lactobacilli numbers and the Lactobacillus:coliform ratio in the proximal colon digesta on both days 6 and 14 post-infection were higher in pigs fed the sNSP diets compared with their counterparts on the iNSP diets. As Lactobacilli are considered to promote gut health 27, 28 , both by competitive exclusion and the production of lactic acid, which has been shown to have antimicrobial properties 29 , this suggests that sNSP may be more beneficial for gut health than iNSP as was hypothesised.
Pigs fed the sNSP diets had increased levels of VFA in the caecum than those on the iNSP diets as expected. This increased VFA concentration within the caecum reflects the greater fermentability of sNSP and was associated with an increase in caecal development and a significantly lower caecal pH on day 14. Increased VFA concentration, particularly butyric acid, has been shown to help maintain the function and health of the GIT and limit the risk of diarrhoea due to the trophic effect on the intestinal epithelium 30 , the stimulation of mucus production, increased Na and water absorption and decreased digesta pH. Low digesta pH inhibits the growth of intestinal pathogenic bacteria, such as E. coli and Clostridium difficile 31 , and may help explain the decreased number of coliforms observed in the digesta of pigs fed the sNSP diets, although a reduction in pH was not consistently observed in the present study.
In vitro and in vivo studies have shown that dietary carbohydrate composition may influence the ratios between the mainly branched-chain VFA (iso-butryic, iso-valeric and valeric acid) and straight-chain VFA (acetic, propionic and butyric acid) 32 . The former are considered to be associated with protein degradation from the metabolism of branched-chain amino acids 33 while the latter originate mainly from the degradation of carbohydrates 18, 32 . As iNSP are less fermentable than sNSP there is less energy available for bacterial fermentation in the large intestine of pigs fed iNSP compared with those fed sNSP. Consequently, it was expected that pigs on the sNSP diets would have a lower BCR than those on the iNSP diets, reflecting a decreased reliance on protein degradation. However, the converse was true with pigs on the sNSP diets having significantly increased BCR in both the proximal colon and caecum on day 14 than pigs on the iNSP diets. The increased amount of valeric acid, particularly on the Hs -treatment (H, sNSP, sham), was largely responsible for this.
Non-starch polysaccharide inclusion level
Feeding increased concentrations of iNSP has been shown to be beneficial to pig health. Högberg & Lindberg 14 reported that pigs fed a diet high in NSP (188 -250 g/kg DM), which consisted of a high proportion of iNSP (0·80-0·85), promoted a beneficial environment throughout the GIT when compared with pigs fed a diet low in NSP (95-109 g/kg DM) with a lower proportion of iNSP (0·68 -0·73). The beneficial gastrointestinal environment, characterised by lower ileal and colonic pH and increased VFA concentration, was thought to be achieved by promoting the proliferation of lactic acid-producing bacteria, such as Lactobacilli. In the present experiment, NSP concentration had a limited effect on gut health with a significant decrease in the pH of caecum and proximal colon digesta as NSP inclusion was increased. There was no effect of NSP inclusion on the Lactobacillus:coliform ratio in the ileum or proximal colon digesta, although there was a significant decrease in coliform numbers in the proximal colon with an increase in NSP content. Juskiewicz et al. 34 reported a similar result in turkeys, whereby an increase in inulin inclusion in the diet from 1 to 10 g/kg resulted in a significant decrease in E. coli populations, accompanied by an insignificant but noticeable increase in Bifidobacterium and Lactobacillus counts.
It was hypothesised than increasing the amount of non-viscous NSP in the weaner diet would stimulate a more beneficial gut environment and allow a stable microflora to develop which would help to prevent ETEC colonisation. As a result it was expected that pigs on the H diets would shed fewer ETEC than those on the L diets. This was observed by Gidenne & Licois 20 , who reported that experimentally infected rabbits fed a high-NSP diet shed fewer enteropathogenic E. coli than those fed a low-NSP diet. Pigs on the H diets tended to shed (P¼0·081) fewer ETEC than those on L diets throughout the post-infection period. The slight increase in digesta viscosity in both the ileum and caecum with an increase in NSP inclusion level may in part have been responsible for the lack of significance, with increased viscosity counteracting the benefit of increased NSP concentration, although the magnitude of increase was considerably lower than in earlier studies where increased digesta viscosity led to increased ETEC proliferation 9, 21 . Increasing NSP inclusion rate enhanced fermentative activity in the large intestine. This was demonstrated by lower digesta pH values, increased VFA concentration and increased caecum and colon weight of pigs fed H diets compared with those fed the L diets. The increase in large-intestinal development of pigs on the H diets led to a depression in empty-body carcass gain, as observed by McDonald et al. 35 and Pluske et al. 36 amongst others. However, the penalty was small and a key question that needs to be addressed is whether there are any long-term effects on carcass yield at slaughter, in terms of both carcass acceptability and profitability. Högberg & Lindberg 13 reported that increased NSP concentrations (197 v. 106 g NSP/kg DM) resulted in increased daily gain. However, this was most probably due to the higher energy and protein content of the high-NSP diet compared with the low-NSP diet. Other studies support this view, reporting no adverse effects on ADG and feed conversion ratio of feeding fermentable NSP to young pigs when using isoenergetic and isonitrogenous diets 22, 37 . Although the diets in the present trial were formulated to be isoenergetic and isonitrogenous, pigs fed the H diets gained significantly less than those on the L diets over the 14 d trial period. The reason for this observed result is unclear, but may have been due to the unexplained poor growth of two pigs in the Hstreatment group (H, sNSP, sham).
In conclusion, the present results suggest that sNSP per se are not detrimental to weaner pig health. Furthermore, pigs fed the sNSP diets had fewer cases of diarrhoea and improved gut health, as indicated by a lower colonic digesta pH and increased Lactobacillus:coliform ratio when compared with pigs on the iNSP diets. Increasing the inclusion level of dietary NSP such as inulin that do not lead to increased digesta viscosity may have a beneficial effect on gut health without penalising performance. This in turn will help protect against PWC.
